Abstract
frozen deuterium pellets, report on a reduction of the q max at the outer strike point [9] . This 48 result not only suggests the possibility of reducing q max at ITER by non-fuel pellet injection 49 but also presents an added advantage of de-coupling ELM pacing from plasma fueling.
50
Furthermore, in addition to the protection of PFCs, ELM control requirements at ITER 51 have been recently revised to include W impurity control [10] [8]. Excessive W concentration in 52 the core can lead to severe central radiation losses which can affect the H-mode performance and 53 in extreme cases result in a radiative collapse [11] . Experimental observation at JET [12] and 54 AUG [13] have shown that a sufficiently high f ELM will be required in ITER for maintaining 55 an appropriate W concentration in the plasma.
56
ELM pacing [14] [15], a leading candidate for controlling (W ELM ) in ITER, relies on the 57 observed inverse dependence of W ELM on f ELM . For type I ELMs, using a multi-machine 58 database and a wide range of plasma parameters averaged over multiple ELM events it has been 59 empirically found that [16] ,
Here, τ E is the energy confinement time in plasmas with a stored energy W plasma and∆t ELM 61 is the average period of the ELM cycle (∆t ELM = 1/f ELM ). ELM control methods exploit a 62 similar inverse dependence between f ELM and energy loss by increasing the f ELM significantly 63 beyond the natural frequency, leading to smaller ELM energy losses.
64
As ELM events are repetitive and not periodic,∆t ELM is customarily estimated as
Here ∆t ELM i is the time since the previous ELM and is also frequently referred to as the waiting Table 1 : Range of some key global plasma parameters for the JET ILW, JET CW and the six N 2 -seeded JET ILW plasmas from JET ELM-DBII.
With the replacement of CW in JET by the ILW in 2010, it has been observed that the seeding are also included in the dataset, making the total number of analyzed ILW plasmas 38.
119
The range of a number of important engineering parameters in the database is given in Table 1 . for the CW plasmas and Beryllium II (527 nm) radiation for ILW plasmas at JETs inner divertor.
125
The algorithm uses the sharp spikes in D α /Be II radiation for detecting ELMs. This is preceded 126 by a smoothing process of the time traces and is followed by a threshold-based detection of 127 ELM start and end times. The estimation of ∆t ELM and τ ELM is illustrated in Figure 1 . 
where for all plasma pulses is plotted in Figure 4 . In this work, we have divided JET ILW plasmas (N 154 discharges) into three broad categories: those with a high fraction of STEs (f ST E ≥ 50%, N = 4), ELM /W tot , which shows that an increased energy loss is due to a higher fraction of STEs.
159
This is in accordance with recent studies wherein it was seen that the STEs carry a significant 160 proportion of the energy of the total ELM event [21] . STEs are absent in the JET CW database f ST E ), N 2 -seeded JET ILW plasmas and JET CW plasmas. The distribution of τ ELM for non- 
178
The pure ELMs have a duration τ ELM that is typically less than about 5 ms, while the ELMs Gaussian with a strong positive skew and we verified that a similar degree of skewness also of data or random variables X and Y , this correlation coefficient is defined as
where cov stands for the covariance between the variables, while σ X and σ Y are their standard Further statistical inference that we will perform based on ρ includes estimation of confidence parameters. This is complicated by the in general non-Gaussian distribution of a correlation 207 coefficient. Therefore estimates r of ρ are converted to a z−value, which is known to follow an 208 approximately normal distribution: 
where, X i denotes the rank of the value X i in the ordered series of values of the variable X. r s 215 is a nonparametric measure of dependence and is much less sensitive to outliers. Similar to r, 216 r s is in the interval [-1,1] and r s = 0 implies no monotonic dependence.
217
Finally, partial correlation is also used when treating ELMs from different plasmas at the 218 same time. Partial correlation measures the degree of association between two random variables 219 while correcting for the effect of another variable, or several other variables, on this relation.
220
The partial correlation of X and Y , adjusted for Z is:
Partial correlation can also be computed for Spearmans rank correlation coefficient.
222

III. Analysis of the relation between ELM properties
223
The relation between W ELM and ∆t ELM , averaged over all ELMs in a single discharge, is shown it can be observed from Figure 7 that the standard deviation of W ELM and ∆t ELM is substantial 
III.1. Properties of individual ELMs
247
After studying the ELM properties averaged over a window of stationary plasma conditions, we shown in Figure 14 (a). Table 4 : Estimates of regular and partial correlations, based on Pearson (r) and Spearman (r s ) coefficients, between W ELM and ∆t ELM for all ELMs in the JET ILW plasmas. The partial correlations control for B t , I p , P input , n e , Γ D 2 and δ avg .
0.895 0.071 0.019 Table 5 : Estimated coefficients and standard errors for the least-squares line of best fit shown in Figure 14 (b). of the present work, there are not enough dedicated experiments available to allow such a study.
332
Nevertheless, as a preliminary step, in Figure 15 and Figure 16 scatter plots between the plasma 333 engineering parameters B t , I p ,P input ,n e , Γ D 2 , δ avg and the correlation coefficient r (∆t ELM −W ELM ) 334 are provided. It can be observed that in terms of any one plasma parameter, there is no clear 335 separation between plasmas with a high r (∆t ELM −W ELM ) and otherwise. As a next step, regres-336 sion analysis is used for quantifying the effect of plasma parameters on r (∆t ELM −W ELM ) . As 337 discussed in section II.4, the sampling distribution of r is not normal, therefore r is transformed 338 to the quantity z in (5). Standard multilinear regression using least squares is then performed 339 for yielding the regression coefficients given in Table 6 . Figure 16 : Scatter plots of correlation between W ELM and ∆t ELM (r (∆t ELM −W ELM ) ) and plasma engineering parameters B t , I p , P input , n e , Γ D 2 and δ avg for JET CW plasmas.
The regression model for CW plasmas is constructed using B t , I p ,P input ,n e , Γ D 2 and δ avg 341 as predictor variables. For ILW plasmas, however, f ST E is included as an additional predic-342 tor variable, as it has been shown in section III.1 that f ST E has an appreciable influence on 343 r (∆t ELM −W ELM ) . In addition, since f ST E is not strictly an engineering quantity, a second model 
